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Abstract
Invasive species are considered to be a leading cause of the decline of threatened species. 
However, this view has been disputed because much of the evidence base is anecdotal. This 
systematic review, through an extensive, repeatable search using agreed selection criteria, 
examined the available scientific evidence on invasive species’ interactions with the 1363 
endangered and threatened species protected under the United States Endangered Species 
Act (ESA). The review found scientific evidence available for 116 endangered or threatened 
species (8.5% of the ESA list). Of these, 85 species (6.2%) were reported as being nega-
tively impacted by invasive species: 39 located on the continental US and 39 on islands, 
with seven marine species. The relative percentages of species impacted differed according 
to location: 4.3% (n = 906) on the continental US, 9.3% (n = 420) on islands. It was found 
that predation by invasive vertebrates on birds on islands and competition between invasive 
plants and endangered or threatened plants on the mainland were the main mechanisms of 
impact. The results of this study contrast markedly with a previous study which found that 
49% of imperilled species in the United States were threatened by invasive species. Further 
research is essential in order to evaluate the impact of invasive species on imperilled spe-
cies on the ESA list; this would help to reduce the high degree of uncertainty regarding the 
threat of invasive species due to the lack of empirical information.
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Introduction
Biological invasions are considered a major part of global change (e.g. Vitousek et al. 
1997; NRC 2000; Sala et  al. 2000; MEA 2005; Mooney et  al. 2005; Richardson and 
Pyšek 2008; Davis 2009). Invasive species can significantly alter ecosystem processes 
and functions (Vitousek 1990; Mack et  al. 2000; Pyšek and Richardson 2010; Vilà 
et  al. 2011). This can result in major environmental damage and economic losses, 
amounting to $120 billion annually in the United States alone (Pimentel et al. 2005). 
They also cause declines in biodiversity (Powell et  al. 2011) and affect disturbance 
regimes (Mack and D’Antonio 1998). Invasive species are responsible, alongside over-
exploitation, for half of species extinctions for which the cause is known (Clavero and 
García-Berthou 2005; Bellard et  al. 2016a, but see also Gurevitch and Padilla 2004) 
and most of the extinctions are as a result of the introduction of vertebrate predators on 
islands (Courchamp et al. 2003; Bellard et al. 2016a, 2017).
According to different studies ranking threats to biodiversity for various taxa, inva-
sive species are the second biggest cause of endangerment after habitat loss (Wilson 
1992; Baillie et al. 2004; Venter et al. 2006; Evans et al. 2011). Identical rankings have 
been identified for the United States despite the different taxa and data sources used 
(Flather et al. 1994; Schemske et al. 1994; Czech and Krausman 1997; Richter et al. 
1997; Foin et al. 1998; Wilcove et al. 1998; Lawler et al. 2002; Wagner and Van Dri-
esche 2010).
Wilcove et  al. (1998) in particular stated that invasive species had contributed 
directly to the decline of 49% of imperilled species in the United States. This paper 
has been highly cited (over 3000 citations according to Google Scholar); but it has 
been argued that some citations have been misleading about the geographical area cov-
ered by the study (as noted by Davis 2011; Chew 2015), and that there was some bias 
because of the inclusion of Hawaii, given its high number of endemic species (Gure-
vitch and Padilla 2004; Venter et al. 2006; Davis 2011). It has also been pointed out 
that this study was based on anecdotal data (Gurevitch and Padilla 2004; Chew 2015), 
as stated by Wilcove and colleagues themselves. Moreover, information about threats 
to endangered species is either absent or limited (Flather et al. 1994; Schemske et al. 
1994; Tear et  al. 1995; Easter-Pilcher 1996; Foin et  al. 1998; Wilcove et  al. 1998; 
Lawler et al. 2002) for the species listed in The United States Endangered Species Act 
(ESA) 1973, which provides a legal framework for the protection and recovery of spe-
cies in order to reduce the risk of extinction (NRC 1995).
Given this lack of knowledge about the  impact of threats in general, and in particular 
those posed by invasive species to threatened species, a scientific, evidence-based approach 
is needed (Gurevitch and Padilla 2004). This approach can be achieved through system-
atic review, a methodology that involves the systematic searching of available literature 
and the synthesis of evidence to provide empirical answers to scientific research questions 
(Pullin et al. 2004; Sutherland et al. 2004; Pullin and Stewart 2006). Unlike conventional 
reviewing, it involves an explicit methodology, and through using clearly defined protocols 
it minimises bias and improves transparency, repeatability and reliability (Roberts et  al. 
2006). The principal aims of this work are to retrieve all of the available published scien-
tific evidence on interactions between invasive species and endangered and threatened spe-
cies (hereafter imperilled species) on the ESA list and to determine the main mechanisms 
of the interaction. This review focuses on the extent of the science-based evidence of the 
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invasive species threat, rather than on the relative ranking of invasive species against other 
threats.
Methods
This systematic review was carried out following the guidelines specific to conservation 
interventions developed for the Collaboration for Environmental Evidence (CEE) (Pullin 
and Stewart 2006; CEE 2013). The search strategy and inclusion criteria were included in a 
protocol published in advance in a peer-reviewed journal (Roberts et al. 2013).
The search for peer-reviewed literature was conducted using the following electronic 
databases: ISI Web of Science, CAB Direct, Scopus, ScienceDirect, JSTOR and Agricola. 
The search set was undertaken in March 2012 and covered all of the literature indexed up 
that date. The following search string was used: (“invasive species” OR “invasive alien 
species” OR IAS OR feral OR “introduced species” OR “non-indigenous” OR alien OR 
“invasive plant” OR “invasive weed” OR exotic OR “non-native”) AND (scientific name of 
all imperilled species listed separated by the Boolean operator ‘OR’). Additional references 
were identified using Google Scholar and specialised invasive databases (see Roberts et al. 
2013).
The species included in the search were US imperilled native species with statutory pro-
tection under the ESA: federal lists of endangered and threatened wildlife (50 CFR 17.11) 
and endangered and threatened plants (50 CFR 17.12) as listed on the environmental con-
servation online system (ECOS) website (http://ecos.fws.gov/ecos/home.actio n) of the US 
Fish and wildlife service, downloaded in September 2011. The term “species” in the ESA 
list refers to any taxonomic level eligible for protection: including species, subspecies and 
distinct population segments (hereafter “species” for convenience). The database contained 
1363 species (906 species on the continental US, 420 on islands and 37 marine species) 
(Online Resources 1). It is noted that the ESA list is continually updated; therefore, since 
the list of species was downloaded, 284 species have been added to take account of new 
species listed and of any species delisted for recovery, extinction or other causes. Non-
native species in the US and its territories including Caribbean and Pacific islands (termed 
“foreign species” in the ESA list), and candidate species (proposed for potential inclusion 
in the ESA list) were not used in the search.
The processing of references retrieved by our searches (Fig. 1) followed the PRISMA 
flow diagram from Moher et al. (2009), and was based on the following inclusion/exclusion 
criteria: (1) excluding references in which the studied species was not included in the ESA 
list; (2) including invasive species defined by the US Federal Executive Order 13112, 1999 
as “an alien (or non-native) species whose introduction does or is likely to cause economic 
or environmental harm or harm to human health" (3) cultivated plants and livestock were 
not included as invasive species as deemed as being under control (NISC 2016), but feral 
animals were included; (4) all types of study were included, both experimental (e.g. exclo-
sure or controlled and replicated manipulation) and observational (e.g. time-series data, 
geographical comparisons); (5) human pathogens were excluded; (6) the review was lim-
ited to English-language publications. It is unlikely that language bias was introduced as 
English is the official language of the country under study; (7) an impact was understood as 
any interaction in which a non-native species had caused a decline in the population abun-
dance or geographical distribution of a threatened species.
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For each case study, the following variables were recorded: scientific name of the 
endangered or threatened species and non-native species; taxonomic group (plants, inver-
tebrates, fish, amphibians, reptiles, birds and mammals); location of the study (continental 
US or island); habitat type (terrestrial, freshwater, brackish or marine); study type (obser-
vational or experimental); the direction of the interaction was recorded as either negative or 
neutral, based on the conclusions of the published studies; main mechanism of interaction 
(according to the classification developed by Blackburn et  al. 2014: predation, competi-
tion, hybridization, disease, herbivory, habitat alteration, interaction with other non-native 
species).
This systematic review did not attempt to quantify the strength of the impacts of inva-
sive species on imperilled species; nor did the review compare the direction of the impacts. 
The main objective was to ascertain the number of imperilled species threatened by inva-
sive species based on published scientific evidence. The Chi square tests were used to 
determine whether the proportion of impacted species varied among taxonomic groups and 
location.
Fig. 1  Flow chart detailing the process of identification, screening and eligibility of references for the sys-
tematic review
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Results
The search strategy found 12,998 unique references, from which 2087 were selected based 
on their titles and abstract using inclusion and exclusion criteria. From these records, 107 
published papers (Online Resources 2) were included for the final assessment (Fig. 1). The 
disparity between the large number of references retrieved in the search and the relatively 
small number of final papers selected is the result of the high sensitivity of the search 
string used; this assured the capture of as much information as possible that might be rel-
evant in order to avoid selection bias but, at the same time, as would be expected with this 
strategy, most references retrieved were unrelated to the topic of the review and so were 
unselected. The main sources of the final references were peer-reviewed journals (86.9%); 
the remainder were from grey literature (such as proceedings, doctoral theses and reports). 
The majority of studies were observational (76.6%) and the rest were experimental. Many 
of the references selected in the review were based on observational studies, which were 
frequently descriptive field studies and sometimes circumstantial correlation or speculation 
based on limited observation, and quite often based on assumptions, correlations or merely 
on the presence of invasive species, rather than on experimental and/or detailed field obser-
vations to determine their impacts. Thus, the information in the review literature should be 
interpreted with care.
This review identified a total of 195 case studies of interactions between endangered or 
threatened species and invasive species (Online Resources 3) as some references contained 
more than one study. Of these, 175 case studies were unique. These included 116 endan-
gered or threatened species (8.5% of the ESA list), of which 85 species (6.2% of the ESA 
list) were impacted negatively, and 31 species were reported with neutral interactions with 
invasive species.
The proportion of endangered or threatened terrestrial species for which a negative 
impact was recorded was higher on islands (9.3%; 39, n = 420) than on the continental US 
Fig. 2  A comparison of imperilled species impacted negatively by invasive species classified according to 
taxonomic groups, and their location on the continental US and islands. The predominant taxonomic group 
affected by the threats by invasive species was birds, mainly on islands
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(4.3%; 39, n = 906): (χ2 = 11.35, df = 1, p < 0.001) (Fig. 2). The proportion of endangered 
or threatened marine species for which negative impacts were found was 18.9% (7, n = 37), 
comprising four species of sea turtles impacted on the coast (terrestrial habitat) and three 
anadromous fish (Salmo salar, Oncorhynchus clarkii stomias and Oncorhynchus tshawyts-
cha) impacted in a freshwater habitat on the continental US.
The habitat for which the most studies were undertaken was terrestrial (54.4%), 
followed by freshwater (15.3%): 11 invasive fish species were included, and just one 
was introduced from outside the United Sates (Salmo trutta trutta); the remainder are 
the result of translocation of species between different regions on the continental US. 
Regarding geographical location, imperilled species impacted negatively were located 
mainly in the States of Hawaii (23.3%) and California (14.4%), which accounted for 
a large proportion of impacted species, along with the States of Arizona (5.0%) and 
Florida (5.0%), the Channel Islands of California (5.0%) and the island of Guam (6.6%).
The impacts of invasive species on ESA species differed between islands and the 
continental US across taxa (χ2 = 28.9, df = 6, p < 0.001) (Fig.  3). Birds were impacted 
the most on islands, and plants and fish taxa on the continental US. The number of 
impacts assigned to each impact mechanism differed according to whether the interac-
tion was occurring on an island or on the continental US (χ2 = 13.90, df = 6, p = 0.031); 
(Fig.  3). The main mechanisms were competition (26.4%) on the continental US and 
predation (23.6%) on islands, and the remaining mechanisms (herbivory, disease and 
habitat alteration) each represented less than 5%. For birds on islands, the main impact 
mechanism was predation by vertebrates, mainly by feral cats (Felis catus), rats (Rat-
tus spp.), and other species such as mongooses (Herpestes spp.) and the invasive snake 
(Boiga irregularis). On the continental US, plants were impacted mainly by competition 
with invasive plants; for fish, the main impact mechanism was predation by invasive fish 
species; for amphibians, the main mechanism was the chytrid fungus disease (Batra-
chochytrium dendrobatidis), mainly on the continental US.
Fig. 3  The distribution of mechanisms of impact by invasive species on imperilled species, as identified by 
the systematic review. Some species are impacted by more than one mechanism. The black bars represent 
the percentage of species on the continental US, and the grey bars those on islands. Competition is the main 
mechanism of impact on the continental US, and predation on islands
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Discussion
Although biological invasions are widely recognized as a key component of current 
global change (e.g. Mack et al. 2000; MEA 2005), there is much debate among scien-
tists over whether invasive species are a major concern (see Richardson and Ricciardi 
2013). A lack of scientific consensus as regards the assessment and management of 
invasive species has also been suggested (Young and Larson 2011; Humair et al. 2014; 
Estévez et  al. 2015; Crowley et  al. 2017).This uncertainty has been expressed in the 
popular media (Ricciardi and Ryan 2018). In addition, allegations of “invasive species 
denialism” have been made against those who appear to reject the scientific evidence, as 
opposed to expressing a scientific scepticism (Russell and Blackburn 2017).
It could be argued that this controversy is partly rooted in the lack of a clear accepted 
framework for interpreting the impacts. However, the main issue is that the impacts of 
most invasive species are not well known (Jeschke et  al. 2014) and that for the vast 
majority, no quantitative information is available (Kulhanek et  al. 2011; Larson et  al. 
2013; Simberloff et al. 2013). Research has been limited to a small number of species 
with some bias towards regions and habitats (Hulme et  al. 2013), which has reduced 
progress towards a better predictive understanding of the impacts (Hulme et  al. 2013; 
Jeschke et al. 2014).
A significant effort has been devoted to invasion-related research, leading to a sub-
stantial increase in publications in the field (Pyšek et  al. 2006; Richardson and Pyšek 
2008) mainly in North America and Europe; more than half of these studies relate to 
North America (Pyšek et al. 2008) and in particular, the United States, which has one of 
the highest numbers of cited papers in invasion biology (Pyšek et al. 2006). Pyšek et al. 
(2008) argue that invasive species with the greatest impact are more likely to become 
the subject of a scientific study. However, the quantification of the impact of invasive 
species has not been well represented in the literature (Esler et al. 2010), and research 
has focused on a very limited group of invasive species (Hulme et  al. 2013). For the 
majority of non-native species, the evidence to support their impact is lacking. The 
impacts of invasive species remain highly uncertain; for example, impact has been dem-
onstrated for just 30% of non-native bird species (Evans et  al. 2016) and documented 
evidence on the ecological impacts of invasive species was available for only 11% of 
these species in the DAISIE invasive species list in Europe (Vilà et al. 2010). Similarly, 
it is estimated that impact information is available for only 13% of animals imported 
into the United States (Jenkins et  al. 2007). The uncertainties in the invasive species 
listing process are currently due to a lack of knowledge (McGeoch et al. 2012) and are a 
common problem in risk assessments (Bayliss et al. 2012).
The ranking of threats undertaken by Wilcove et al. (1998), which stated that inva-
sive species represent the second greatest threat to biodiversity, contrasts with recent 
rankings of threats to biodiversity, which accord invasive species a minor role. A WWF 
(2014) report stated that invasive species were a threat for just 5% of threatened spe-
cies. Based on the information contained in the IUCN Red List, Gurevitch and Padilla 
(2004) determined that invasive species threaten only 6% of the species listed by IUCN, 
while Maxwell et al. (2016) concluded that the main threat drivers are overharvesting, 
agricultural activities and habitat disturbances; invasive species threats played a lower-
ranked role. The outcome of these studies is similar to the result obtained in our study, 
in which the quantification of impact of invasive species on imperilled species has been 
researched in only a few species (8.5% and with negative impact for 6.2% of species 
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in the ESA’s list). These results contrast markedly with the 49% of imperilled species 
calculated by Wilcove et  al. (1998). Therefore, the uncertainty related to the impact 
of invasive species remains high, and efforts to assess the impacts on invasive species 
should be increased.
It could be argued that the low number of studies found in this review reflects the fact 
that many impacts are difficult to detect (Parker et  al. 1999), can only be assessed after 
long-term studies (Gilbert and Levine 2013; Simberloff et al. 2013; D’Antonio and Flory 
2017), and are particularly difficult to identify at ecosystem level (Simberloff 2011). The 
detection of the impact of invasive species is affected by the lag phenomenon, also known 
as an “invasion debt” (Essl et al. 2011)—the existence of time-lags between the introduc-
tion of an invasive species and its impacts (Kowarik 1995; Crooks and Soulé 1999). The 
effects of invasive species are also affected by the scale of the study (Powell et al. 2011) 
and by the approach used to measure impact; these factors could influence the direction 
of the impact (Thomaz et  al. 2012) and could lead to misinterpretation of the effects of 
invasive species. It has been noted that when the results of the direction of the impacts of 
invasive species are positive or neutral (non-significant or null), it is likely to be unreported 
(Schlaepfer et al. 2011). This is known as publication bias, and relates to studies which find 
a significant positive result and are less likely to be submitted for publication; it is inher-
ent in literature reviews (Dickersin 2005). However, we did find references that reported 
neutral results (15.8% of all references selected), which suggests that at least some non-
significant results were published. The strength or the signs of interactions between species 
can change as a function of biotic or abiotic conditions. This variation is common in nature 
and is often described as context dependency. Various studies have highlighted this as a 
potential limitation in ascertaining the impact of invasive species (Ricciardi et  al. 2013; 
Kumschick et al. 2015). For example, variability is quite notorious in invasive plant species 
at community level, albeit in other cases the impact is less context-dependent (Pyšek et al. 
2012).
It should be noted that the results of this review would be different if other US lists of 
threatened species were to be used instead of the ESA List, which is a subset of all US 
imperilled species; it contains at least ten times’ fewer species than the NatureServe list 
(www.natur eserv e.org/explo rer/) (Wilcove and Master 2005), which is also the case with 
IUCN-listed species in the USA (Harris et al. 2012). Additionally, imperilled species iden-
tified in our review may be impacted by more than one threat other than an invasive spe-
cies, as most of the ESA-listed species are affected by more than two threats (Schemske 
et al. 1994; Czech and Krausman 1997; Wilcove et al. 1998), and sometimes more than 
four (Lawler et al. 2002), which makes it difficult to distinguish invasive species impacts 
from those caused by other synergistic stressors (MacDougall and Turkington 2005; Did-
ham et al. 2007).The synergistic effects of the invasive species threat with other threats, 
such as climate change or habitat alteration, can exacerbate the spread and the negative 
effects of invasive species (Dukes and Mooney 1999; Simberloff 2000).
This review showed that the main mechanism of impact was predation by vertebrates, 
threatening mainly birds on islands. This is consistent with recent studies that have exam-
ined the threats to terrestrial vertebrates posed by invasive species globally, where rats 
(Towns et al. 2006) and cats (Medina et al. 2011) are a major threat to terrestrial verte-
brates, especially bird taxa (Blackburn et al. 2004); threats tend to be greater on islands 
than in continental areas (Bellard et al. 2016b). The other main mechanism that impacted 
a high number of species is competition between invasive and imperilled plants, particu-
larly in the continental US. There is not much documented evidence so far that competition 
from an invasive plant species can cause the extinction of a native plant species (Reed et al. 
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2002; Davis 2003; Sax and Gaines 2008), and the extinction of plants is driven mainly by 
habitat alteration (Bellard et al. 2016a). However, invasive mammal predators have been 
identified as being involved in the majority of extinctions of endemic native vertebrates 
worldwide, mainly on islands (Bellard et  al. 2016a). Another cause of important recent 
extinction events by invasive species is the chytrid fungus disease, affecting only amphib-
ians (Bellard et  al. 2016a). This review found that this disease affected some amphibian 
species, mainly on the continental US, where this taxon should be considered to be at high 
risk of extinction.
As regards spatial distribution, the imperilled species impacted negatively by invasive 
species were located mainly in the States of Hawaii, California, Florida and Arizona. These 
areas correspond with identified biodiversity hotspots (Dobson et al. 1997; Richter et al. 
1997; Flather et al. 1998). They also host higher numbers of invasive species as a result of 
economic activity (Czech et al. 2000). Nevertheless, the highest percentage of imperilled 
species (9.3%) impacted by invasive species occurs on islands. This is consistent with other 
studies that suggest invasive species have their greatest impact on islands (Courchamp 
et al. 2003; Clavero et al. 2009).
Conclusion
Uncertainty resulting from the lack of empirical evidence regarding the threat posed by 
invasive species remains high. Efforts to reduce the risk of extinction should be based on 
scientific evidence and standardized methods, specifically prioritizing the species included 
in the ESA list. In order to reduce uncertainty, one option might be to increase funding for 
research to quantify the impact of invasive species (Pyšek et al. 2008); such species-spe-
cific information is essential to identify effective conservation actions and to improve the 
preparation and implementation of the recovery plan for imperilled species (Boersma et al. 
2001; Clark et  al. 2002). It is recommended that invasion biology should focus on bet-
ter defining and quantifying the ecological impacts of invasive species (Byers et al. 2002; 
Gurevitch and Padilla 2004; Simberloff et al. 2005; Larson 2007) in relation to other driv-
ers of global change.
Acknowledgements We thank Richard Shaw, Pablo Gonzalez-Moreno, Carol Ellison, Oliver Pescott and an 
anonymous reviewers for comments and suggestions on this manuscript.
Funding This study was funded by the United States Department of Agriculture under the Invasives Caus-
ing Extinction (ICE) Program.
Compliance with ethical standards 
Conflict of interest The authors declare that they have no conflict of interest.
Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0 Interna-
tional License (http://creat iveco mmons .org/licen ses/by/4.0/), which permits unrestricted use, distribution, 
and reproduction in any medium, provided you give appropriate credit to the original author(s) and the 
source, provide a link to the Creative Commons license, and indicate if changes were made.
3180 Biodiversity and Conservation (2018) 27:3171–3183
1 3
References
Baillie JEM, Hilton-Taylor C, Stuart S (2004) 2004 IUCN Red List of Threatened Species: A global species 
assessment. Gland, Switzerland & Cambridge, UK: IUCN
Bayliss HR, Wilcox A, Stewart GB, Randall NP (2012) Does research information meet the needs of stake-
holders? Exploring evidence selection in the global management of invasive species. Evid Policy 
8:37–56
Bellard C, Cassey P, Blackburn TM (2016a) Alien species as a driver of recent extinctions. Biol Lett 
12:20150623
Bellard C, Genovesi P, Jeschke JM (2016b) Global patterns in threats to vertebrates by biological invasions. 
Proc R Soc B 283(1823):20152454
Bellard C, Rysman JF, Leroy B, Claud C, Mace GM (2017) A global picture of biological invasion threat on 
islands. Nat Ecol Evol 1(12):1862
Blackburn TM, Cassey P, Duncan RP, Evans KL, Gaston KJ (2004) Avian extinction and mammalian intro-
ductions on oceanic islands. Science 24:1955–1958
Blackburn TM, Essl F, Evans T, Hulme PE, Jeschke JM, Kühn I, Kumschick S, Marková Z, Mrugała A, 
Nentwig W, Pergl J (2014) A unified classification of alien species based on the magnitude of their 
environmental impacts. PLoS Biol 12(5):e1001850
Boersma PD, Kareiva P, Fagan WF, Clark JA, Hoekstra JM (2001) How good are endangered species recov-
ery plans? Bioscience 51(8):643–649
Byers JE, Reichard S, Randall JM, Parker IM, Smith CS, Lonsdale WM, Atkinson IAE, Seastedt TR, Wil-
liamson M, Chornesky E, Hayes D (2002) Directing research to reduce the impacts of nonindigenous 
species. Conserv Biol 16:630–640
CEE (Collaboration for Environmental Evidence) (2013) Guidelines for systematic review and evidence 
synthesis in environmental management. Version 4.2. http://www.envir onmen talev idenc e.org/wp-
conte nt/uploa ds/2014/06/Revie w-guide lines -versi on-4.2-final .pdf. Accessed March 2013
Chew MK (2015) Ecologists, environmentalists, experts, and the invasion of the ‘second greatest threat’. Int 
Rev Environ Hist 1:7–40
Clark JA, Hoekstra JM, Boersma PD, Kareiva P (2002) Improving US endangered species act recov-
ery plans: key findings and recommendations of the scb recovery plan project. Conserv Biol 
16:1510–1519
Clavero M, García-Berthou E (2005) Invasive species are a leading cause of animal extinctions. Trends Ecol 
Evol 20(3):110
Clavero M, Brotons L, Pons P, Sol D (2009) Prominent role of invasive species in avian biodiversity loss. 
Biol Conserv 142:2043–2049
Courchamp F, Chapuis JL, Pascal M (2003) Mammal invaders on islands: impact, control and control 
impact. Biol Rev 78:347–383
Crooks JA, Soulé ME, (1999) Lag times in population explosions of invasive species: causes and implica-
tions. In Invasive Species and Biodiversity Management. ed. OT Sandlund, PJ Schei and Ǻ Viken, 
Based on papers presented at the Norway/United Nations (UN) Conference on Alien Species, 2nd 
Trondheim Conference on Biodiversity, Trondheim, Norway, 1-5 July 1996, pp. 103-125
Crowley SL, Hinchliffe S, Redpath SM, McDonald RA (2017) Disagreement about invasive species does 
not equate to denialism: a response to Russell and Blackburn. Trends Ecol Evol 32:228–229
Czech B, Krausman PR (1997) Distribution and causation of species endangerment in the United States. 
Science 277:1116–1117
Czech B, Krausman PR, Devers PK (2000) Economic associations among causes of species endangerment 
in the United States. Bioscience 50:593–601
D’Antonio C, Flory SL (2017) Long-term dynamics and impacts of plant invasions. J Ecol 105(6):1459–1461
Davis M (2003) Biotic globalization: does competition from introduced species threaten biodiversity. Bio-
science 53:481–489
Davis MA (2009) Invasion biology. Oxford University Press, Oxford
Davis MA (2011) Researching invasive species 50 years after Elton: a cautionary tale. In: Richardson DM 
(ed) Fifty years of invasion ecology. Wiley-Blackwell, Oxford, pp 269–276
Dickersin K (2005) Recognizing the problem, understanding its origins and scope, and preventing harm. In: 
Rothstein HR, Sutton AJ, Borenstein M (eds) Publication bias in meta-analysis: prevention, assess-
ment and adjustments. Wiley, Sutton, pp 11–34
Didham RK, Tylianakis JM, Gemmell NJ, Rand TA, Ewers RM (2007) The interactive effects of habitat loss 
and species invasion on native species decline. Trends Ecol Evol 22:489–496
Dobson AP, Rodriguez JP, Roberts WM, Wilcove DS (1997) Geographic distribution of endangered species 
in the United States. Science 275:550–553
3181Biodiversity and Conservation (2018) 27:3171–3183 
1 3
Dukes JS, Mooney HA (1999) Does global change increase the success of biological invaders? Trends Ecol 
Evol 14:135–139
Easter-Pilcher A (1996) Implementing the endangered species act. Bioscience 46:355–363
Esler KJ, Prozesky H, Sharma GP, McGeoch M (2010) How wide is the “knowing-doing” gap in invasion 
biology? Biol Invasions 12:4065
Essl F, Dullinger S, Rabitsch W, Hulme PE, Hulber K, Jarosik V, Kleinbauer I, Krausmann F, Kuhn I, 
Nentwig W, Vila M, Genovesi P, Gherardi F, Desprez-Loustau M-L, Roques A, Pysek P (2011) Soci-
oeconomic legacy yields an invasion debt. Proc Natl Acad Sci 108(1):203–207
Estévez RA, Anderson CB, Pizarro JC, Burgman MA (2015) Clarifying values, risk perceptions, and atti-
tudes to resolve or avoid social conflicts in invasive species management. Conserv Biol 29(1):19–30
Evans MC, Watson JEM, Fuller RA, Venter O, Bennett SC, Marsack PR, Possingham HP (2011) The spatial 
distribution of threats to species in Australia. Bioscience 61:281–289
Evans T, Kumschick S, Blackburn TM (2016) Application of the environmental impact classification for 
alien taxa (EICAT) to a global assessment of alien bird impacts. Divers Distrib 22(9):919–931
Flather CH, Joyce LA, Bloomgarden CA (1994) Species endangerment patterns in the United States. Gen-
eral Technical Report no. RM-241. Fort Collins (CO), USA: US Forest Service
Flather CH, Knowles MS, Kendall IA (1998) Threatened and endangered species geography. Bioscience 
48:365–376
Foin TC, Riley SPD, Pawley AL, Ayres DR, Carlsen TM, Hodum PJ, Switzer P (1998) Improving recovery 
planning for threatened and endangered species. Bioscience 48:177–184
Gilbert B, Levine JM (2013) Plant invasions and extinction debts. PNAS 110(5):1744–1749
Gurevitch J, Padilla DK (2004) Are invasive species a major cause of extinctions? Trends Ecol Evol 
19:470–474
Harris JBC, Reid JL, Scheffers BR, Wanger TC, Sodhi NS, Fordham DA, Brook BW (2012) Conserving 
imperiled species: a comparison of the IUCN Red List and US Endangered Species Act. Conserv Lett 
5:64–72
Hulme PE, Pyšek P, Jarošík V, Pergl J, Schaffner U, Vilà M (2013) Bias and error in understanding plant 
invasion impacts. Trends Ecol Evol 28:212–218
Humair F, Edwards PJ, Siegrist M, Kueffer C (2014) Understanding misunderstandings in invasion science: 
why experts don’t agree on common concepts and risk assessments. NeoBiota 20:1
Jenkins PT, Genovese K, Ruffler H (2007) Broken screens: the regulation of live animal imports in the 
United States. Defenders of Wildlife, Washington, DC
Jeschke JM, Bacher S, Blackburn TM, Dick JT, Essl F, Evans T, Gaertner M, Hulme PE, Kühn I, Mrugała 
A, Pergl J (2014) Defining the impact of non-native species. Conserv Biol 28(5):1188–1194
Kowarik I (1995) Time lags in biological invasions with regard to the success and failure of alien species. 
In: Pyšek P, Prach K, Rejmánek M, Ade M (eds) Plant invasions: general aspects and special prob-
lems. Based on a workshop held at Kostelec nad Černými lesy, Czech Republic, 16–19 September 
1993. Amsterdam, Netherlands; SPB Academic, pp. 15–38
Kulhanek SA, Ricciardi A, Leung B (2011) Is invasion history a useful tool for predicting the impacts of the 
world’s worst aquatic invasive species? Ecol Appl 21:189–202
Kumschick S, Gaertner M, Vilà M, Essl F, Jeschke JM, Pyšek P, Ricciardi A, Bacher S, Blackburn TM, 
Dick JT, Evans T (2015) Ecological impacts of alien species: quantification, scope, caveats, and rec-
ommendations. Bioscience 65(1):55–63
Larson BMH (2007) An alien approach to invasive species: objectivity and society in invasion biology. Biol 
Invasions 9:947–956
Larson BMH, Kueffer C, ZiF Working Group on Ecological Novelty (2013) Managing invasive species 
amidst high uncertainty and novelty. Trends Ecol Evol 28:255–256
Lawler JJ, Campbell SP, Guerry AD, Kolozsvary MB, O’Connor RJ, Seward LC (2002) The scope and 
treatment of threats in endangered species recovery plans. Ecol Applications 12:663–667
MacDougall AS, Turkington R (2005) Are invasive species the drivers or passengers 500 of change in 
degraded ecosystems? Ecology 86:42–55
Mack MC, D’Antonio CM (1998) Impacts of biological invasions on disturbance regimes. Trends Ecol Evol 
13:195–198
Mack RN, Simberloff D, Lonsdale WM, Evans H, Clout M, Bazzaz FA (2000) Biotic invasions: causes, 
epidemiology, global consequences, and control. Ecol Appl 10:689–710
Maxwell SL, Fuller RA, Brooks TM, Watson JEM (2016) Biodiversity: the ravages of guns, nets and bull-
dozers. Nature 536:143–145
McGeoch MA, Spear D, Kleynhans EJ, Marais E (2012) Uncertainty in invasive alien species listing. Ecol 
Appl 22(3):959–971
3182 Biodiversity and Conservation (2018) 27:3171–3183
1 3
MEA (Millennium Ecosystem Assessment) (2005) Ecosystems and human well-being: current state and 
trends. Findings of the condition and trends working group. World Resources Institute, Island Press, 
Washington, DC
Medina FM, Bonnaud E, Vidal E, Tershy BR, Zavaleta ES, Josh Donlan C, Keitt BS, Corre M, Horwath SV, 
Nogales M (2011) A global review of the impacts of invasive cats on island endangered vertebrates. 
Glob Change Biol 17(11):3503–3510
Moher D, Liberati A, Tetzlaff J, Altman DG, The PRISMA Group (2009) Preferred reporting items for 
systematic reviews and meta-analyses: the PRISMA statement. PLoS Med 6(7):e1000097
Mooney HA, Mack R, McNeely JA, Neville LE, Schei PJ, Waage JK (2005) Invasive alien species: a 
new synthesis. Island Press, Washington, DC
NISC (National Invasive Species Council) (2016) Invasive species definition clarification and guidance 
white paper. https ://www.invas ivesp ecies info.gov/docs/counc il/isacd ef.pdf
NRC (National Research Council) (1995) Science and the endangered species act. National Academy 
Press, Washington, DC
NRC (National Research Council) (2000) Global change ecosystems research. National Academy Press, 
Washington, DC
Parker IM, Simberloff D, Lonsdale WM, Goodell K, Wonham M, Kareiva PM, Williamson MH, Von 
Holle BMPB, Moyle PB, Byers JE, Goldwasser L (1999) Impact: toward a framework for under-
standing the ecological effects of invaders. Biol Invasions 1(1):3–19
Pimentel D, Zuniga R, Morrison D (2005) Update on the environmental and economic costs associated 
with alien invasive species in the United States. Ecol Econom 52:273–288
Powell KI, Chase JM, Knight TM (2011) A synthesis of plant invasion effects on biodiversity across 
spatial scales. Am J Bot 98(3):539–548
Pullin AS, Stewart GB (2006) Guidelines for systematic review in conservation and environmental man-
agement. Conserv Biol 20:1647–1656
Pullin A, Knight T, Stone D, Charman K (2004) Do conservation managers use scientific evidence to 
support their decision-making? Biol Conserv 119:245–252
Pyšek P, Richardson DM (2010) Invasive species, environmental change and management, and health. 
Ann Rev Environ Resour 35:25–55
Pyšek P, Richardson DM, Jarošík V (2006) Who cites who in the invasion zoo: insights from an analysis 
of the most highly cited papers in invasion ecology. Preslia 78:437–468
Pyšek P, Richardson DM, Pergl J, Jarošík V, Sixtová Z, Weber E (2008) Geographical and taxonomic 
biases in invasion ecology. Trends Ecol Evol 23:237–244
Pyšek P, Jarošík V, Hulme PE, Pergl J, Hejda M, Schaffner U, Vilà M (2012) A global assessment of 
invasive plant impacts on resident species, communities and ecosystems: the interaction of impact 
measures, invading species’ traits and environment. Glob Change Biol 18(5):1725–1737
Reed JM, Mills LS, Dunning JB Jr, Menges ES, McKelvey KS, Frye R, Beissinger SR, Anstett MC, 
Miller P (2002) Emerging issues in population viability analysis. Conserv Biol 16:7–19
Ricciardi A, Ryan R (2018) The exponential growth of invasive species denialism. Biol Invasions 
20(3):549–553
Ricciardi A, Hoopes MF, Marchetti MP, Lockwood JL (2013) Progress toward understanding the eco-
logical impacts of nonnative species. Ecol Monograph 83:263–282
Richardson DM, Pyšek P (2008) Fifty years of invasion ecology—the legacy of Charles Elton. Divers 
Distrib 14:161–168
Richardson DM, Ricciardi A (2013) Misleading criticisms of invasion science: a field guide. Divers 
Distrib 19:1461–1467
Richter BD, Braun DR, Mendelson MA, Master LL (1997) Threats to imperiled freshwater fauna. Con-
serv Biol 11:1081–1093
Roberts PD, Stewart GB, Pullin AS (2006) Are review articles a reliable source of evidence to sup-
port conservation and environmental management? A comparison with medicine. Biol Conserv 
132:409–423
Roberts PD, Diaz-Soltero H, Hemming DJ, Parr MJ, Wakefield NH, Wright HJ (2013) What is the evi-
dence that invasive species are a significant contributor to the decline or loss of threatened spe-
cies? A Systematic Review Map. Environ Evidence 2:5
Russell JC, Blackburn TM (2017) The rise of invasive species denialism. Trends Ecol Evol 32:3–6
Sala OE, Chaplin FS, Armesto JJ, Berlow E, Bloomfield J, Dirzo R, Huber-Sanwald E, Huenneke F, Jackson 
RB, Kinzig A, Leemans R, Lodge DM, Mooney HA, Oesterheld M, Poff NL, Sykes MT, Walker BH, 
Walker M, Wall DH (2000) Global biodiversity scenarios for the year 2100. Science 287:1770–1774
Sax DF, Gaines SD (2008) Species invasions and extinction: the future of native biodiversity on islands. 
PNAS 105:11490–11497
Schemske DW, Husband BC, Ruckelshaus MH, Goodwillie C, Parker I, Bishop JG (1994) Evaluating 
approaches to the conservation of rare and endangered plants. Ecology 75:584–606
3183Biodiversity and Conservation (2018) 27:3171–3183 
1 3
Schlaepfer MA, Sax DF, Olden JD (2011) The potential conservation value of non-native species. Conserv 
Biol 25:428–437
Simberloff D (2000) Global climate change and introduced species in United States forests. Sci Total Envi-
ron 262:253–261
Simberloff D (2011) How common are invasion-induced ecosystem impacts? Biol Invasions 13:1255–1268
Simberloff D, Parker IM, Windle PN (2005) Introduced species policy, management, and future research 
needs. Front Ecol Environ 3:12–20
Simberloff D, Martin J-L, Genovesi P, Maris V, Wardle DA, Aronson J, Courchamp F, Galil B, García-
Berthou E, Pascal M, Pyšek P, Sousa R, Tabacchi E, Vilà M (2013) Impacts of biological invasions: 
what’s what and the way forward. Trends Ecol Evol 28:58–66
Sutherland W, Pullin A, Dolman P, Knight T (2004) The need for evidence-based conservation. Trends Ecol 
Evol 19:305–308
Tear TH, Scott JM, Hayward PH, Griffith B (1995) Recovery plans and the endangered species act: are criti-
cisms supported by data? Conserv Biol 9:182–195
Thomaz SM, Agostinho AA, Gomes LC, Silveira MJ, Rejmanek M, Aslan CE, Chow E (2012) Using 
space-for-time substitution and time sequence approaches in invasion ecology. Freshw Biol 
57(11):2401–2410
Towns DR, Atkinson IAE, Daugherty CH (2006) Have the harmful effects of introduced rats on islands 
been exaggerated? Biol Invasions 8:863–891
Venter O, Brodeur NN, Nemiroff L, Belland B, Dolinsek IJ, Grant JW (2006) Threats to endangered species 
in Canada. Bioscience 56:903–910
Vilà M, Basnau C, Pyšek P, Josefsson M, Genovesi P, Gollasch S, Nentwig W, Olenin S, Roques A, Roy D, 
Hulme PE, DAISIE partners (2010) How well do we understand the impacts of alien species on eco-
system services? A pan-European cross-taxa assessment. Front Ecol Environ 8:135–144
Vilà M, Espinar JL, Hejda M, Hulme PE, Jarošík V, Maron JL, Pergl J, Schaffner U, Sun Y, Pyšek P (2011) 
Ecological impacts of invasive alien plants: a meta-analysis of their effects on species, communities 
and ecosystems. Ecol Lett 14(7):702–708
Vitousek PM (1990) Biological invasions and ecosystem processes: towards an integration of population 
biology and ecosystem studies. Oikos 57(1):7–13
Vitousek PM, D’Antonio EM, Loope LL, Rejmanek M, Westbrooks R (1997) Introduced species: a signifi-
cant component of human-caused global change. N Z J Ecol 21:1–16
Wagner DL, Van Driesche RG (2010) Threats posed to rare or endangered insects by invasions of nonnative 
species. Annu Rev Entomol 55:547–568
Wilcove DS, Master LL (2005) How many endangered species are there in the United States? Front Ecol 
Environ 3:414–420
Wilcove DS, Rothstein D, Dubow J, Phillips A, Losos E (1998) Quantifying threats to imperiled species in 
the United States. Bioscience 48:607–615
Wilson EO (1992) The diversity of life. Harvard University Press, Cambridge, p 464
WWF (World Wide Fund for Nature) (2014) Living Planet Report WWF, Gland, Switzerland: pp. 161
Young AM, Larson BMH (2011) Clarifying debates in invasion biology: a survey of invasion biologists. 
Environ Res 111:893–898
Affiliations
Manuel‑Angel Dueñas1,3  · Holly J. Ruffhead1 · Nicola H. Wakefield1 · 
Philip D. Roberts1 · David J. Hemming1 · Hilda Diaz‑Soltero2
1 CABI, Nosworthy Way, Wallingford OX10 8DE, UK
2 US Department of Agriculture, Animal and Plant Health Inspection, Washington, DC 20250, USA
3 Centre for Ecology and Hydrology, Wallingford OX10 8BB, UK
